First principle calculation of the electronic and elastic properties of CeN nitride, which crystallizes in the rock-salt structure, is reported in the present paper. The ground state properties, such as lattice constant (a 0 ), bulk modulus (B) and its pressure derivative (B ) are reported. These results show good agreement with the experimental and other theoretical results. Besides, we have studied the Murnaghan's equation of state, and used it to fit the theoretical electronic ground state energy and obtain thermodynamic quantities such as the bulk modulus. Furthermore the electronic band structure, total density of states and partial density of states of CeN are also discussed.
Introduction
Among rare earth compounds nitrides of rareearth are an interesting group of materials combining theoretical and experimental challenges. These rare earth nitrides (RENs) attract attention in the extensive technological applications. These materials show a strong coupling between their magnetic and electronic properties. The members of RENs series demonstrate a range of electronic and magnetic properties. The RENs are used in spintronics. The property of spin is used in electronic devices to "store, encode, access, process and transmit information." The rare earth nitrides lie on the boundary between metals and insulators. The RENs materials have high magnetic moment and form a wide range of magnetic structures. Due to this, they are strong candidates for applications in spintronics and spinfiltering devices. The RENs posses partially filled f-electron orbital. All the RENs crystallize into the NaCl rock salt structure at normal temperature and pressure [1] [2] [3] [4] .
The first compound of this series is cerium nitride (CeN). The chemistry of rare earth elements * E-mail: purveebhardwaj@gmail.com is largely determined by the ionic radius, which decreases steadily along with the series corresponding to the fillings of the 4f-orbitals. CeN has some unusual properties compared with the other rare-earth nitrides. It shows mixed valence behavior. The pressure induced structural phase transition of CeN is an interesting topic of research. Very little theoretical or experimental work has been reported on the structural and electronic properties of CeN. Danan et al. [5] studied the temperature dependence of lattice constant and magnetic susceptibility of CeN. Bulk calculations of CeN have been performed by Svane et al. [6] . The structural and elastic properties under high pressure of CeN have been investigated using two-body potential theory with ionic modified charge by Rukmangad et al. [7] . Epitaxial layers of CeN on Mg (0 0 1) have recently been investigated by Lee et al. [8] . Kanchana et al. [9] published a theoretical work on the lattice dynamics and elastic properties of CeN using ab initio density-functional methods. Both the local density approximation (LDA) and the generalized gradient approximation (GGA) were used for the exchange-correlation potential. The high-pressure structural stability of CeN is investigated by both experiment and theory [10] . Experiments are carried out by energy-dispersive X-ray diffraction and synchrotron radiation, using a diamond anvil cell, to a maximum pressure of 77 GPa.
According to the above reported data CeN has been less studied in the literature. Previous calculations presented the results on lattice dynamics, magnetic, elastic and bulk properties of CeN. These theoretical calculations were based on either ab-initio calculations or two-body potential model mainly, while in the present study we have used density functional theory with the generalized gradient approximation within the treatment of 4f-states. We have used plane wave pseudo potential density functional theory as implemented in the quantum espresso code [11] . The ground state properties of B1-type CeN have been studied using this approach. The lattice constant and bulk modulus of this rare earth nitride have also been reported. We further report the electronic band structure (BS) and density of states (DOS) for CeN. The organization of this article is as follows: in Section 2 the method of computation of the quantum espresso calculation is described. In Section 3, the results with some predictions are discussed. The corresponding Sections 3.1, 3.2 and 3.3 deal with the structural, elastic and electronic properties of CeN. Finally, in Section 4, we have concluded the results.
The method of first principle calculation
Quantum Espresso is mainly based on DFT theory (electron-ion interaction), plane wave and pseudopotentials (electron-electron interaction). It calculates the ground state energy and Kohn Sham orbital for various types of structural optimizations. Three main components of the method are PWSCF (plane wave self consistent field), CP (Car-Parinello), FPMD (first principle molecular dynamics). For quantum espresso, irreducible kpoints were generated according to the MonkhorstPack scheme [12] . The Kohn-Sham single-particle functions were expanded on a basis of plane-wave set with a kinetic energy cut-off of 36 Ry. Brillouinzone was sampled with 12 × 12 × 12 k-point mesh in order to get well converged ground state energy. The cerium nitride CeN considered in the present work crystallizes in NaCl-type (Fm3m, 2 2 5) structure at ambient conditions. The cerium atom is positioned at (0, 0, 0) and nitride at (1/2, 1/2, 1/2). Under pressure it transforms to CsCl-type (Pm3m, 2 2 1) structure in which the nitride is positioned at (1/2, 1/2, 1/2). The exchange and correlation effects have been treated within the GGA. The lattice parameter, bulk modulus and pressure derivative of the bulk modulus were determined by the standard procedure of computing the total energy for different volumes and fitted to Murnaghan's equation of state [13] .
3. Result and discussion
Ground state properties
For ground state properties of narrow gap semiconductors the total energies were calculated as a function of lattice constant in NaCl-type structure using the first principles pseudopotential (PWSCF) method. The equilibrium lattice constants were obtained by minimizing the total energy and these parameters were used in the non self-consistent calculations of the band structure. For Quantum Espresso these energy values have been fitted to the Murnaghan's equation of state [13] to obtain the equilibrium lattice constant (a), bulk modulus (B) and its pressure derivative (B ) at minimum equilibrium volume V 0 :
where the fit parameters are the equilibrium volume V 0 and the bulk modulus B:
and its derivative with respect to the pressure, B = dB/dP.
The computed values of lattice constant (a), bulk modulus (B) and its pressure derivative (B ) are presented in Table 1 and compared with the experimental [10] and other theoretical results [5-7, 9, 14-19] . It is obvious from Table 1 that present results obtained from first principle calculation as well as from the model are in good agreement with experimental and other theoretical results. [14] , c [15] , d [5] , e [16] , f [17] , g [18] , h [19] , i [6] , j [7] , k [9] 
Structural properties
The electronic band structures BS calculations have been performed to estimate the total energy of cerium nitride by using the the plane-wave pseudopotential density functional theory. The total energies are plotted against different compressions for the present compound in Fig. 1 . The minimum of the curves defines the equilibrium volume V 0 . The calculation of phase transition pressure has been carried out by estimating enthalpy in both phases of the structures. At a particular pressure these two phases coexist. The variation of enthalpy with pressure has been plotted in Fig. 2 . The calculated value of phase transition pressure is 68 GPa for the present compound and is comparable with experimental (65 GPa to 70 GPa) [10] and other theoretical results (62 GPa, 88 GPa, 68 GPa) [6, 7, 10] shown in Table 2 . At the phase transition pressure a sudden collapse in volume takes place at the transition pressure. The discontinuity in volume (∆V/V 0 ) at the transition pressure is obtained from the phase diagram. The compression curve for CeN is plotted in Fig. 3. 
Elastic properties
Elastic properties of materials are closely related to many fundamental solid-state properties, such as specific heat, thermal expansion coefficient and Debye temperature, etc. Cubic crystals have three independent elastic constants, namely C 11 , C 12 and C 44 . The criterion for mechanical stability of any compound is that the strain energy should be positive, which imposes further restriction on the values of the elastic constants [20] such as: [10] , b [6] , c [7] These criteria for mechanical stability are satisfied by the calculated elastic constants of CeN under present study and are reported in Table 3 . The Cauchy variation (C 12 − C 44 ) has also been reported in this Table. Its value is negative for CeN.
The shear modulus G is one of several quantities for measuring the stiffness of materials. All of them arise in the generalized Hooke's law. These quantities are Young modulus Y and bulk modulus B. The shear modulus G can be defined by the following equations:
where
where C = (C 11 -C 12 )/2, G V is the Voigt shear modulus and G R is the Reuss shear modulus. The Young modulus Y can be calculated from the bulk modulus B and the shear modulus G by the following equation:
In most applications of elasticity theory for the problems in petroleum geophysics, the elastic medium is assumed to be isotropic. On the other hand, most crustal rocks are found experimentally to be anisotropic. A material is said to be anisotropic if the value of a vector measurement of a rock property varies with direction. We have calculated the elastic anisotropic parameter and Poisson ratio (σ) of present compound, using the following relations:
The calculated values of shear modulus, Young modulus, anisotropy parameter and Poisson ratio are given in Table 3 . These results have been compared with others theoretical results [7] . Other results have been obtained using two-body potential theory with ionic modified charge. They have used only the coulombic and van der Waals interaction and overlap repulsive interaction, ignoring covalency effect. There are no experimental results available for elastic moduli of CeN. The brittle/ductile behavior of CeN is also determined with ratio of B/G. The present value of B/G is 1.666. This value is much lower than the critical value of 1.75. According to Pugh [21] , a material is ductile if B/G > 1.75. From Table 3 , it can be observed that the present nitride is brittle in nature. 
Electronic properties
To study the electronic properties of CeN, the band structure, total and partial density of states [7] , * Calculated from others theoretical results. has been reported. Fig. 4 represents the calculated electronic band structure (BS) along the principle symmetry direction for CeN in its rock-salt (B1) phase under ambient conditions. The band structure of CeN shows an indirect overlap of the p-band at Γ with the d-band at X. It is clear from this figure that p-d band structure is different from the standard ScN-like compounds. The Fermi level is set to zero energy. It can be seen that there are some bands crossing the Fermi level which indicates the metallic behavior of B1 phase of the CeN. In order to understand the elementary contribution of all the atoms to the electronic structure of present compound we have studied total density of states (TDOS) in its rock-salt (B1) phase at ambient pressure. The TDOS of CeN is presented in Fig. 5 . It is obviously seen from Fig. 5 that in TDOS, almost all the f -electron peaks are located in the region of -1.0 to 4.0 eV. These peaks arise due to p-state, which is clearly seen in Fig. 6 , presenting 
Conclusions
In the present study, the first principle calculations have been used to investigate the structural and electronic properties of CeN. The calculated ground state properties are in good agreement with experimental and other theoretical results. The value of pressure induced B1-B2 transformation obtained in the calculations is 68 GPa with the volume collapse of 10.0 %, which experimentally occurs in the range of 65 GPa to 70 GPa with the volume collapse of 10.9 %.
These results are also in good agreement with the calculated values. The elastic constants and modulus of elasticity are also in fair agreement with available results. The present rare earth nitride shows brittle behavior while its B1 phase shows metallic behavior.
